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of the platinum are positively charged and have the effect of lessening the 
work which an electron must do in order to escape from the metal. With a 
substance like lime or the oxides of a ISTernst filament, by which the hydrogen 
is not absorbed, the electron emission is unaltered by the presence of this 
gas. 



On the Corpuscular Radiation Liberated in Vapours by 

Homogeneous X-radiation. 

By H. Moore, B.Sc, A.E.C.S., Assistant Lecturer in Physics at King's 

College, London. • 

(Communicated by Prof. 0. W. Eichardson, F.E.S. Eeceived March 22, 1915.) 

It is recognised as a result of numerous independent experiments* that 
ionisation by X-rays is the result of corpuscular radiation liberated by the 
X-rays. In a recent paperf it was shown by the author that, in the case of 
carbon and oxygen compounds, the corpuscular radiation liberated by a beam 
of X-radiation was an "atomic" phenomenon, i.e. that the number of 
corpuscles given out by an atom of carbon or oxygen in a beam of X-rays 
is the same whether the atom is in combination or not. The resulting 
ionisation is not, however, " atomic," the ionisation produced in different 
gases or vapours by a given amount of corpuscular radiation being dependent 
on the nature of the gas or vapour. 

In the present paper an attempt has been made to test whether this 
" atomic " law holds good for other elements of higher atomic weight. 
These, giving much larger ionisations than the lighter elements, also allow 
of greater accuracy in the observations, although as the absorption is 
correspondingly increased, large absorption corrections are rendered necessary 
in some cases. 

As in the former experiments, the gases or vapours were subjected to 
a beam of homogeneous (copper) radiation, the ionisation chamber being 
a cylinder with aluminium ends, and containing an axial electrode connected 
with an electroscope. The rate of leak due to the ionisation current was 
compared with that of a standard electroscope containing air, and after each 

^ Barkla and Simons, 'Phil. Mag.,' February, 1912; C. T. E. Wilson, 'Eoy. Soc. 
Proc.,' June, 1912 ; Barkla and Philpot, ' Phil. Mag.,' June, 1913. 
t *Phil. Mag.,' Januar}^, 1914. 
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experiment the cylindrical chamber was filled with air, so that the ionisation 
in air produced by the same beam of X-rays could also be measured. 

The effect of corpuscular radiation from the ends of the chamber was 
reduced to a very small amount by lining the chamber with pure filter 
paper: it was measured by determining the ionisation produced when the 
chamber was filled with hydrogen. The ionisation with hydrogen filling the 
chamber is due entirely to the corpuscles emitted by the ends, and by 
deducting this amount of corpuscular radiation from that produced in any 
gas or vapour, the true value for the corpuscular radiation liberated in the 
gas by the X-rays is obtained. The value of this method in eliminating 
insulation leaks, if there are any, has been referred to in the previous paper. 

In order to obtain the corpuscular radiation in a gas corresponding with 
a given amount of ionisation observed, it is necessary to know the ratio of 
the ionisation produced in the gas to that produced in air by equal quantities 
of corpuscles liberated (and completely absorbed) in each. This ratio, called 
the " corpuscular factor " in the previous paper, was determined by using a 
short, wide chamber through which the homogeneous radiation from tin 
was passed. Inside the chamber, both back and front, was a reversible 
slide carrying a sheet of fine bristol-board coated on one side with gold leaf. 
These sheets could be mounted so as to allow the corpuscular radiation 
from the gold to enter the gas in the chamber, or, by reversing the sheets 
so that the gold faced outwards, the corpuscles were prevented from entering 
the gas. The intensity of the X-ray beam in the gas was the same in either 
case, having passed through the same layers of material, so that the ionisation 
due to absorption by the gas itself was unaltered. The difference between 
the ionisations in the two types of experiment was thus due to the liberation 
of a definite quantity of corpuscular radiation in the gas. A similar pair of 
experiments, using air, enabled the corresponding quantity to be obtained for 
air, and thus the required ratio could be found. A small correction for absorp- 
tion is necessary in this type of experiment also ; the method of correcting 
is given later (p. 343). 

The substances chosen for experiment were selected mainly on account of 
their suitability to the particular methods and apparatus employed, but in one 
or two cases special reasons were also present in making the selection. The 
experiments of Owen* and of Crowtherf on CO2 did not agree with the 
results obtained by Barkla and Philpot,J and it was considered desirable to 
re-determine the ionisation in CO2 and also its corpuscular factor, as a check 

* Owen, ' Boy. Soc. Proc.,' May, 1912. 

t Crowther, ' Camb. Phil. Soc. Proc.,' February, 1909. 

X ' Phil. Mag.,' June, 1913. 
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on the results obtained for the atomic corpuscular radiations of carbon and 
oxygen in the previous paper. Preliminary experiments agreed with the 
results obtained by Crowther and by Owen, but, on testing with silver nitrate, 
a minute trace of hydrochloric acid was detected in the final washing tower 
through which the GO 2 was passed. When further precautions to remove all 
trace of HOI were taken, so that a tube of silver nitrate solution through 
which the gas bubbled remained quite clear, the value was reduced to that 
obtained by Barkla and Philpot and agrees exactly with the atomic results 
already obtained. 

The compounds of chlorine which were used give three different numbers 
of chlorine atoms in a molecule, and hence form a fair test of the atomic 
nature of the phenomenon under investigation. Oarbon disulphide was used 
as a convenient sulphur compound in order to obtain a value for sulphur, so 
as to fill up to a certain extent the somewhat considerable gap between 
oxygen and chlorine. 

In working with the different substances certain modifications of detail were 
made in the experiments according to the nature of the substance used. 
With the vapours whose saturation vapour-pressure was less than atmospheric, 
a mixture of hydrogen and the vapour was used, the mixture being passed 
through a long spiral surrounded by ice, so that the vapour was saturated at 
0° 0. Hydrochloric acid and ammonia were each used at atmospheric 
pressure, as were also nitrous oxide and carbon dioxide. 

In the case of ammonia, and to a lesser degree with hydrochloric acid, 
insulation difficulties were met with, vulcanite proving quite useless even if 
the chamber was dried with air over P2O5. The difficulty was, however, 
completely overcome by covering the vulcanite with paraffin wax, the 
insulation leak being practically zero when this was used. 

In order to obtain the ratio of the amounts of corpuscular radiation liberated 
in equal lengths of the gas in question and of air, by X-ray beams of equal 
intensity, the following method was used : — Indicating the intensity of the 
beam by I, the ionisation per centimetre in any gas is AM, where A represents 
the corpuscular radiation liberated in the gas per centimetre by a beam of 
" unit " intensity and k is the corpuscular factor for the gas. The coefficient 
of absorption in the gas being \ per cm., I at any distance x cm. from the 
incident end of the chamber will be = Io^~^^ lo being the intensity of the 
incident beam. The ionisation in the chamber, after deducting the small 
ionisation due to corpuscular radiation from the ends, is thus 

Mlclx = f Mla6->^dx = :^(l-e-^')- 

Jo "■ 
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For two gases (one air) the ionisation ratio observed (called E) is thus 

The quantity Ai/Ao is the ratio required, and is evidently given by 

A 



Ai^ -^ (l-g-^o^)X,i 1 
Ao (l^e-M)Xo h 

, if Xi and Xo are small. 



E 1 — 4X0/ 



ki 1 ~ I Xi^ 

For most of the substances used, X is not known, but from the work of 
Barkla and Simons and pthers, to which reference has already been made, it 
may be deduced that X is proportional to A (see p. 343). As a first 
approximation, Xi/Xq can be taken as equal to E and an approximate value 
of Ai/Ao calculated. This value will be too low, but can be used to get a 
better value of Xi/Xo, and hence by successive approximations the value of 
Ai/Ao can be obtained to a close degree of accuracy. 

In the rectangular chamber used for determining the corpuscular factor, 
the ionisation with the gold surfaces inwards would be 



AJclo 



±» (1 _ e-A'') + ClIo^• + c,he-''% 
X 

X' being the linear absorption coefficient for tin radiation, Ci the corpuscular 
radiation emitted at the first surface for a beam of unit intensity, and C2 
the corresponding quantity for the second surface. With the gold surfaces 
facing outwards, the ionisation would be 



AHo 



X 



;^(l^e-^^)--c^ok + cdoe-^% 



cs and C4 being the corpuscular radiations from the cardboard surfaces for 
a beam of unit intensity : these quantities are very small indeed. The 
difference in the ionisation in the two cases is 

k {(ci-C3)Io + (c2-C4) he-^'^}. 
The ratio of the differences for a gas or gaseous mixture and for air is thus 

This reduces to 

or, neglecting cs and C4, and taking Xi7 and \q'1 small, the observed ratio is 



h {l-~^^(Xi^~XoO/}. 
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The observed corpuscular factor being indicated by lvi\ the true 
corpuscular factor is 

The ratio C2JC1 has been determined by Philpot* and is equal to 0*90. The 
value of \q (for air) is known, and the value of \' for the other substances 
was calculated as described above. 

In one or two cases, these corrections were large, as will be seen on 
comparing Columns V and VI in Table I, but there is no reason why they 
should not be reasonably accurate, and the corrected values of the corpus- 
cular radiations liberated correspondingly trustworthy. 

The value for the amount of corpuscular radiation liberated in the gas was 
in each case calculated for the amount of gas or vapour actually present. 
These values must then be reduced to what they would be at atmospheric 
pressure, for purposes of comparison. As, however, it has been abundantly 
shown that ionisation varies strictly in proportion to the pressure,f this 
correction is sim.ple to apply. The values of Ai/Aq corrected for absorption 
and for pressure are given in column VII, Table I. 
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* 'Phys. Soc. Proc./ 1914. 

+ Crowther, ' Camb. Phil. Soc. Proc.,' February, 1909 ; and Owen, * Eoy. Soc. Proc.,' 
May, 1912. 
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The final values for Ai/Ao having been calculated for each of the gases 

at atmospheric pressure, equations were found expressing the corpuscular 

radiation in the gas (air = 1) as the sum of the atomic corpuscular 

radiations of the constituents of the gas. Thus, if C, N, 0, S and CI 

represent the amounts of corpuscular radiation from atoms of carbon 

nitrogen, oxygen, etc. respectively, air being taken as emitting unit quantity, 

we have : — 

Mtrous oxide 2N + = 1-32 

Carbon dioxide C + 20 = 1*44 

Ammonia..... N+3H = 0-33(3) 

Carbon disulphide C + 2S =21*95 

Chloroform C + H + 3Cl = 43-5 

Hydrochloric acid H4 CI = 15'2 

Carbon tetrachloride C + 4C1 = 58*6 

The values of C and obtained in the previous paper were C = 0*2 and 
= 0*62 respectively. These agree exactly with the value for carbon dioxide 
given above. Accepting these values for C and 0, and considering H = 
we obtain the following values : — 

From (1) 2N = l'32~0-62, whence N = 0-85 

similarly (3) gives N = 0-33 (3) . N" = 0-33 

(4) 2S = 21-75 S = 10-9 

(5) 3C1 = 43-3 CI = 14-4 

(6) CI = 15-2 CI = 15-2 

(7) 4C1 = 58-4 CI = 14-6 

The extreme difference for both the nitrogen and chlorine values is less 
than 7 per cent. In the case of nitrogen the possible error was estimated a 
from 7 to 10 per cent, from the true value, on account of the relatively 
small value of the ionisations observed and of the difficulties peculiar to the 
handling of ammonia. For chlorine a similar range of error was estimated, 
on account of the large correction that has to be applied for absorption. 
The errors are in no case 4 per cent, from the mean, so that any differences 
in the values obtained are well within the errors of experiment. 

The value obtained for sulphur can be compared with that deduced from 
the observations by Barkla and Philpot,* and shows a remarkably close 
agreement. For SH2 the ionisation (air =1) for copper radiation is 14*7, 
the corpuscular factor is 1*33, giving S4-2H = 11*0, 'i.e. S = 11*0. For 
SO2 they obtained an ionisation 11*5 and a corpuscular factor 0*96, so 
that 8 + 20 = 12*0, i.e. S = 10*8. This close agreement with the value 

-^ ' Phil. Mag.,' June, 1913. 
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obtained in the present series of experiments for sulphnr in carbon 
disulphide, demonstrates that the corpuscular radiation from the atom is 
independent of the chemical combination in the case of sulphur also. 

An interesting relation between the corpuscular radiation emitted by the 
atom in a given beam of X-rays and the atomic weight of the substance 
may be mentioned. It will be observed that the quantity of corpuscular 
radiation emitted increases very rapidly with the atomic weight. The 
values of these radiations from the various elements obey very closely 
a fourth-power law. This will be seen from the following Table, in which 
(Column 4) the quotient of the fourth power of the atomic weight, divided 
by the corpuscular radiation from the atom (air = 1) is given : — 

Table II. 



Substance 
and atomic weight. 



Atomic corpuscular 

radiation (A.C.K.). 

Air = 1. 



(Atomic weight)'* 
X 10-4. 



(Atomic weight)"* ^^. 
A.C.R. "^ 



Carbon (12) .. 
Nitrogen (]4) .. 
Oxygen (16) .. 
Sulphur (32) .. 
Chlorine (35-5) 



0-2 
0-34 
0-62 
10-9 
14-7 



2-07 
3-84 
6-55 
104 -8 
J 58 -8 



10-3 

11-3 

10-4 

9-6 

10-8 



The variation in the last column is not greater than 8 per cent, from the 
mean, and although thig is fairly considerable the agreement is of such 
a nature as to suggest that a fourth-power law is probably correct. Further 
investigations are being prosecuted with a view to obtaining additional 
evidence on this point. 

The statement made on p. 340 that X is proportional to A, for a given 
substance subjected to a beam of X-rays of definite wave-length, is deduced 
from the results of Barkla and Simons' and Barkla and Philpot's work. 

Total or equal absorptions of X-radiations in two gases produce ionisations 
in the same ratio as the ionisations due to the absorptions of equal amounts 
of electronic radiation in the same two gases. The energy of the X-radiation 
absorbed, therefore, is spent in the liberation of electronic radiation, in exact 
proportion to the amount of X-radiation absorbed, if indeed the whole of 
the energy lost is not converted into this form of radiation. If, therefore, 
we obtain a quantity of electronic radiation A per centimetre of length of 
path in a gas, when a beam of X-radiation is passed through it, we may 
conclude that the quantity of the X-radiation absorbed per centimetre is 
proportional to A, i.e. that the linear absorption coefficient X in the gas is 
proportional to A. 
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This being so, the coefficient of absorption for a given type of radiation in 
a gas will be atomic, even as A is atomic, a result obtained by Benoist as 
early as 1901. Also, the absorption due to any atom will vary directly as 
the fourth power of its atomic weight. The importance of this law is 
considerable, as it w^ill enable tM^ coefficient of absorption for a given type 
of radiation in any gas or vapour to be calculated, provided the coefficient 
of absorption of that radiation in air or some other gas has been obtained. 

This fourth -power law is not limited to gases and vapours. Prof. Bragg and 
S. E. Pierce* having recently shown that it is true for solids. In their work, 
the coefficient of absorption is compared with the fourth power of the 
atomic number of the absorbing element, an approximately constant relation 
being found between these quantities for a number of elemental solids. 

The results obtained in the present paper are not sufficiently accurate to 
differentiate between the two suggested laws, and the fourth power of the 
atomic weight has been used in the calculations, to indicate the sort of way 
in which the atomic corpuscular radiation and the atomic absorption 
coefficients vary, and not as claiming an absolute law. 

Whichever of these laws is true, it holds for both vapours and solids ; it is 
therefore doubtless true for liquids also, and hence it should be possible to 
calculate the absorption coefficients in any material whether solid, liquid or 
gaseous. 

Preliminary calculations on this assumption suggest that it is of cj^uite 
general application, provided the homogeneous radiation of the absorbing 
element is not excited : the whole question is under further investigation. 

Co7ichtsions and Abstract. 

In a former paper it was shown that, for carbon and oxygen, the number 
of corpuscles liberated from an atom by a beam of X-rays was the same 
whether the atom is in combination or not. This conclusion has been 
extended to the cases of nitrogen, sulphur, and chlorine, a close agreement 
being obtained for each of these in two or three different combinations 
respectively ; the values previously obtained for carbon and oxygen have also 
been corroborated. 

In addition, it is shown that the atomic corpuscular radiation, i.e. the 
corpuscular radiation from an atom, is approximately proportional to the 
fourth power of the weight of the atom, the deviations in the observed 
values from this fourth-power law being of such a character as to suggest 
that they are merely due to experimental errors. 

^ ' Phil. Mag.,' October, 1914. 
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From the observations of Barkla and Simons and Barkla and Philpot, it is 
shown that the coefficient of absorption of a beam of X-radiation in a gas 
is proportional to the quantity of electronic radiation liberated from the gas, 
and hence the X-radiation absorbed by an atom of a given element will also 
be proportional to the fourth power of the weight of the absorbing atom. 
Eeoent experiments of Bragg and Pierce show that a similar law holds good 
for elements in the solid state, and is therefore probably of universal 
application: it should therefore be possible to calculate the absorption 
coefficient of any material, provided its homogeneous radiation is not excited. 

These points are under further investigation. 

I should like to express my indebtedness to Prof. 0. W. Eichardson for the 
interest he has taken in these investigations, and for the facilities he has 
provided for their furtherance. 



Deep Water Waves, Progressive or Stationary, to the Third 

Order of Approximation, 
By Lord Eayleigii, 0,M., F.E.S. 

(Eeceived March 26, 1915.) 

As is well known, the form of periodic waves progressing over deep 
water without change of type was determined by Stokes* to a high degree 
of approximation. The wave-length (X) in the direction of x being 27r and 
the velocity of propagation unity, the form of the surface is given by 

y =z aQo^{x—t)—la?(do^2{x—t)-\-^a^co^?>{x—t), (1) 

and the corresponding gravity necessary to maintain the motion by 

g =: I'-ci?, (2) 

The generalisation to other wave-lengths and velocities follows by 
" dimensions.'' 

These and further results for progressive waves of permanent type are 
most easily arrived at by use of the stream-function on the supposition that 
the waves are reduced to rest by an opposite motion of the water as a whole, 
when the problem becomes one of steady motion.f My object at present is 

^ *Camb. PMl. Trans.,' vol. 8, p. 441 (1847) ; 'Math, and Phys. Papers,' vol. 1, p. 197. 
+ 'Phil. Mag.,' vol, 1, p. 257 (1876); 'Scientific Papers,' vol. 1, p. 262. Also 'Phil. 
Mag.,' vol. 21, p. 183 (1911). 



